DIARRHEA AFFECTS MILLIONS of people worldwide each year. It is a common cause of death in developing countries and one of the leading causes of death for infants. The etiology and the types of diarrhea are diverse, but the disease pathology always points to an imbalance in the secretory and absorptive functions of the intestines. An essential component of these functions is sodium absorption. Several transporter families including the Na ϩ /H ϩ exchanger (NHE) family mediate Na ϩ absorption. The members of the NHE family are plasma membranebound antiporters that move extracellular Na ϩ into cells in exchange for intracellular H ϩ . They are widely expressed in mammalian cells and have broad physiological functions (i.e., intracellular pH homeostasis, cell volume regulation, acid-base regulation, and electroneutral NaCl transport). Five of nine NHEs (NHE1-4, NHE8) are located in intestinal enterocytes (32, 34) , but only NHE2, NHE3, and NHE8 are expressed in the brush-border membrane (BBM) of the intestinal epithelial cells (7, 8, 14, 32) . NHE2 is involved in gastric function. Disruption of NHE2 expression alters oxyntic mucosa, reduces parietal and zymogenic cell number, and impairs intestinal barrier recovery (3, 15, 17) . NHE3 is an important player in Na ϩ absorption. NHE3 knockout mice have altered acid-base balance and Na ϩ homeostasis (24) . NHE8 is another apically expressed NHE, and it is the newest member of the NHE family. The transporter kinetics of NHE8 is distinct when compared with other NHEs. NHE8 is believed to have important roles in sodium absorption during early development (31, 32) . Somatostatin, an important neuropeptide produced by D cells in the gastrointestinal tract, functions as neurotransmitter and hormone (13, 20) . Somatostatin is also a pro-absorptive and anti-secretory molecule. Its analog, octreotide, has been used as an anti-diarrheal agent for decades (16) . In the intestine, somatostatin has been shown to stimulate NaCl absorption and to inhibit chloride secretion (9, 18) . However, the mechanisms responsible for these effects are not known. Whether the effect of somatostatin on NaCl absorption stimulation involves NHEs is also unknown.
The present study explored the effect of somatostatin on apical NHEs. Our results indicated that somatostatin stimulated NHE8 but not NHE3 expression in the mouse intestine. This stimulation could be duplicated in Caco-2 cells, and the stimulation of NHE8 expression by somatostatin involved the type 2 somatostatin receptor (SSTR2)-p38 mitogen-activated protein kinase (MAPK) pathway. These findings suggest that somatostatin might be an important regulator involved in modulating intestinal sodium and water absorption through its selective effect on NHE8 expression.
MATERIALS AND METHODS
Animals. Female mice (6 -8 wk old, 129S6; Taconic) received octreotide (Bachem Bioscience; King of Prussia, PA, Sigma) at dose of 50 g/kg body wt or saline subcutaneously twice a day for 3 days. This dose is within the physiological range of somatostatin. Eighteen hours after the last injection, mice were euthanized, and jejunal mucosa were collected and used for BBM protein isolation and RNA purification. All of the animal work was approved by the University of Arizona Institutional Animal Care and Use Committee. The experiments were repeated in three groups with three mice in each group.
Cell culture. Caco-2 cells were obtained from American Type Culture Collection (Manassas, VA). Cells were grown in MEM-NEAA medium (Irvine Scientific, Santa Ana, CA) supplemented with 50 U/ml penicillin, 50 g/ml streptomycin, and 20% fetal bovine serum in 5% CO 2 incubator at 37°C. Cells from passages 37 to 47 were used in this study. For dose-response studies, the common concentrations of somatostatin for in vitro studies (0.1 and 1 M) were used. Caco-2 cells were exposed 0.1 and 1 M somatostatin for 18 h. For time-course study, cells were exposed to 1 M somatostatin for 1 or 18 h. For the NHE8 activity assay, cells were exposed to 1 M somatostatin in serum-free cell culture medium for 30 min. For the signaling pathway study, cells were pretreated with 10 M H7, 25 M SB202190, or 25 M PD098059 for 1 h before the addition of 1 M somatostatin. For somatostatin agonist study, 1 M of seglitide was used. For somatostatin antagonist study, 1 M of CYN154806 was used. Somatostatin and seglitide were obtained from Sigma (St. Louis, MO). CYN154806 was obtained from Tocris Bioscience (El-lisville, MI). SB202190, PD98059, and H7 were obtained from CalBiochem (San Diego, CA).
Functional assay of NHE8 in Caco-2 cells. Caco-2 cells were seeded on glass coverslips and were cultured for 16 h before pH i measurement was performed. The activity of NHE8 was monitored by measuring the rate of Na ϩ -dependent recovery of intracellular pH (pHi) after acid load in HCO 3 Ϫ -free HBSS as described in previous publications (31, 33) . pHi was assessed by monitoring the fluorescence emission of the pH-sensitive dye SNARF-1 AM (Invitrogen; Carlsbad, CA). An Olympus IX-70 microscope equipped with a 40ϫ/1.4 numberical aperature objectives was used to acquire light emitted from the cells. A Multispectral Imager (Optical Insights; Albuquerque, NM) was used to split the emission beam, forming side-by-side images of emitted light at 640 nm (basic pH wavelength) and 570 nm (acidic pH wavelength) that were acquired on a single charge-coupled device imaging array (Photometrics; Tucson, AZ). The ratio of fluorescence intensity (640 nm/570 nm) was measured for individual cells, and these ratios were subsequently converted to pH i by means of an in situ-derived calibration curve. The relationship between the SNARF-1 fluorescence ratio and pH i was fitted by using the following equation: pH ϭ pK ϩ log[(R Ϫ Rmin)/(Rmax Ϫ R)], where R represents the experimentally measured ratio of 640 nm/570 nm, R min is the ratio measured at the most acidic pH, and Rmax is the ratio measured at the most basic pH.
Protein isolation and Western blot analysis. BBM protein was prepared from mouse intestinal mucosa as previously described (32) . Cell surface protein was isolated using Pierce Cell Surface Protein Isolation Kit (Thermo Scientific; Rockford, IL) following manufacture's instruction. Total protein and crude membrane protein were prepared with methods described previously (8) . For Western blot detection the following were used: 1:3,000 dilution of NHE3 antibody (8) or NHE8 antibody (32), 1:1,000 dilution of pp38 antibody (Promega; Madison, WI), 1:1,000 dilution of p38 antibody (Santa Cruz Biotechnology; Santa Cruz, CA), and 1:5,000 of ␤-actin antiserum (Sigma). Western blot detection was performed with the BM Chemiluminescence Western Blotting kit (Roche Diagnostics; Indianapolis, IN). To quantitate protein expression level, a ratio of target protein intensity over ␤-actin protein intensity or phosphorylated p38 protein over total p38 protein was used.
RNA purification and RT-PCR analysis. RNA was purified from mouse intestinal mucosa and Caco-2 cells using the TRIzol reagent (Invitrogen). Total RNA (500 ng) was reverse transcribed to cDNA by Moloney murine leukemia virus reverse transcriptase (Promega). For detecting NHE8 mRNA abundance, real-time PCR was performed using NHE8-specific primers (Applied Biosystems; Carlsbad, CA). For somatostatin receptor (SSTR) mRNA detection, RT-PCR was carried out with human and mouse SSTR gene specific primers (Table 1) . PCR was performed as described: initial denaturation at 94°C for 10 min followed by 35 cycles of 1 min at 94°C, 1 min at 58°C, and 1 min at 72°C. PCR products were visualized by electrophoresis in 1.5% agarose gel. DNA sequencing was also used to confirm the identity of amplified sequence.
RESULTS

Effect of octreotide on intestinal NHE8 and NHE3 expression in mice.
Female mice at age of 6 -8 wk were given octreotide subcutaneously (50 g/kg body wt twice a day for 3 days). Eighteen hours after the last octreotide administration, mice were euthanized, and BBM protein was isolated from intestinal mucosa. NHE8 and NHE3 protein abundance in BBM protein preps were determined by Western blot analysis. NHE8 and NHE3 immunoreactive protein abundance was calculated by dividing the optical densities of the NHE8 or NHE3 band to that of the ␤-actin band. As shown in Fig. 1 , octreotide administration stimulated intestinal NHE8 protein expression by ϳ62% (0.836 Ϯ 0.038 in control mice; 1.357 Ϯ 0.098 in octreotide mice. n ϭ 3, P Ͻ 0.01) (Fig. 1A ), but it has no effect on NHE3 expression (0.368 Ϯ 0.002 in control mice; 0.345 Ϯ 0.022 in octreotide mice. n ϭ 3) (Fig. 1B) .
Concentration-dependent effects of somatostatin on NHE8 expression in Caco-2 cells. Caco-2 cells were exposed to different concentrations of somatostatin for 18 h. Total protein, crude membrane protein, and cell surface protein were extracted from Caco-2 cells and used for Western blot detection. As indicated in Fig. 2 , when cells were exposed to 0.1 or 1 M somatostatin, NHE8 protein abundance was increased in all protein preps. The total NHE8 protein was increased from 0.235 Ϯ 0.009 in control to 0.354 Ϯ 0.009 in 1 M somatostatin and 0.290 Ϯ 0.008 in 0.1 M somatostatin (n ϭ 3, Human  SSTR1  5=-GCAACATGCTCATGC-3=  414  NM001049  5=-GCGTTGTCCATCCAG-3=  SSTR2  5=-AAGAGGGTCGAGGAGCCAGGAAC-3=  450  NM001050  5=-GGCATAGCGGAGGATGACATAAA-3=  SSTR3  5=-TGGGCACCCTCGTGCCAGCGG-3=  447  NM001051  5=-GGGCGGCCGCTCCTGCCCGC-3=  SSTR4  5=-CTGAACCTCTTCGTGACCAGCCTT-3=  278  NM001052  5=-CTGGTTGCAGGGCTTCCTGCT-3=  SSTR5  5=-GTGCAGGAGGGCGGTACC-3=  373  NM001053  5=-TGGACGCGGCTCCGTGGC-3=  Mouse  SSTR1  5=-CACCAGCATCTACTGTCTGACTG-3=  638  NM009216  5=-CATAGTAGTCGACTGGTTCCTCC-3=  SSTR2  5=-CTTGGCCATGCAGGTGGCGCTAGT-3=  1081, 742  NM009217  5=-CAATGATGTCTTCCGCTCCGGATTGT-3=  SSTR3  5=-AGTGTCTATATCCTCAACCTGGC-3=  627  NM009218  5=-ATTGACGATGTTGAGCAGATAGA-3=  SSTR4  5=-TCGGATTATGCTACCTGCTTATT-3=  483  NM009219  5=-AAGTAGTGGTATTGGTGAAAGGG-3=  SSTR5  5=-GGTATGCCAAGATGAAGACAGTT-3=  784  U82697  5=-TATCCTCTACTGAGGCACAGAGC-3= SSTR, somatostatin receptor. P Ͻ 0.05) ( Fig. 2A) . The membrane NHE8 protein was increased from 0.422 Ϯ 0.020 in control to 0.749 Ϯ 0.049 in 1 M somatostatin and 0.699 Ϯ 0.060 in 0.1 M somatostatin (n ϭ 3, P Ͻ 0.01) (Fig. 2B) . The biggest change on NHE8 protein expression was seen in cell surface protein extracts. Somatostatin increased cell surface NHE8 protein abundance by ϳ2.64 fold from 0.494 Ϯ 0.039 in control to 1.304 Ϯ 0.187 in 1 M somatostatin (Fig. 2C) .
Effect of somatostatin exposure duration on NHE8 expression in Caco-2 cells. Caco-2 cells were exposed to 1 M somatostatin for 1 or 18 h. Membrane protein and total protein were isolated from cells and used for Western blot detection. As shown in Fig. 3 , the increase of NHE8 by somatostatin occurred as early as 60 min after somatostatin treatment. Somatostatin stimulated total NHE8 protein expression from 0.185 Ϯ 0.004 in control to 0.328 Ϯ 0.061 at 1 h and 0.331 Ϯ 0.020 at 18 h (n ϭ 3, P Ͻ 0.05) (Fig. 3A) . Similar results were observed in membrane protein preparations. Somatostatin significantly increased membrane NHE8 protein expression from 0.463 Ϯ 0.003 in control to 0.863 Ϯ 0.089 at 1 h and to 1.051 Ϯ 0.046 at 18 h (n ϭ 3, P Ͻ 0.01) (Fig. 3B) .
Effect of somatostatin on NHE8 function in Caco-2 cells. pH i measurement was performed in Caco-2 cells grown on glass coverslips. Using NHE specific inhibitors, we identified that only NHE1 and NHE8 activity were detected at a functional level in Caco-2 cells. The rate of pH i recovery in Caco-2 cells was 0.067 Ϯ 0.006 pH/min in the absence of HOE694 and 0.045 Ϯ 0.003 pH/min in the presence of 1 M HOE694. Caco-2 cells failed recover from acid load in the presence of 50 M HOE694 or 80 M S3226 (Fig. 4A ). After cells were Fig. 1 . Effect of octreotide on the intestinal Na ϩ /H ϩ exchanger 8 (NHE8) expression in mice. Brush-border membrane (BBM) protein was isolated from the intestinal mucosa of control or octreotide-treated mice. BBM protein (30 g) was separated on SDS-PAGE gels and immunoblotted. NHE8 antibody, NHE3 antibody, and ␤-actin antibody were used to detect NHE8, NHE3, and ␤-actin, respectively. NHE8 protein was detected at ϳ65 kDa. NHE3 protein was detected at ϳ85 kDa. ␤-Actin protein was detected at ϳ42 kDa. The expression of NHE8 (A) and NHE3 (B) was calculated by dividing the optical density of the NHE8 and NHE3 band over that of the ␤-actin band. Bar chart shows the NHE8 and NHE3 protein expression indicated as means Ϯ SE in the sum of 3 experiments. *P Յ 0.01 for control mice vs. octreotide mice. Bottom, corresponding Western blot image. CT, control; Oct, octreotide. Fig. 2 . Effect of somatostatin concentration on the endogenous NHE8 expression in Caco-2 cells. Cells were cultured in standard medium or somatostatincontaining medium (1 or 0.1 M) for 18 h. Total protein (A), crude membrane protein (B), and cell surface protein (C) were prepared and used for Western blot analysis. NHE8 protein was detected at ϳ65 kDa. ␤-Actin protein was detected at ϳ42 kDa. Results are means Ϯ SE from 2 to 5 experiments. *P Ͻ 0.01 for somatostatin treatment vs. control. Bottom, corresponding Western blot image. SST, somatostatin. exposed to somatostatin (1 M, 30 min), the rate of pH i recovery in the presence of 1 M HOE694 was increased by ϳ1.5-fold, from 0.045 Ϯ 0.003 pH/min in control cells to 0.066 Ϯ 0.006 pH/min in somatostatin-treated cells (Fig. 4B) .
SSTR expression in mouse intestine and in Caco-2 cells. RNA was isolated from mouse intestinal mucosa and from
Caco-2 cells. Conventional RT-PCR assay was used to determine SSTR expression with mouse-and human-specific SSRT primers. SSTR1, SSTR2, SSTR4, and SSTR5, but not SSTR3, were amplified from mouse intestine (Fig. 5A) . SSTR1, SSTR2, SSTR3, and SSTR5, but not SSTR4, were amplified from Caco-2 cells (Fig. 5B) . DNA sequencing further confirmed that these PCR products were indeed the human and the mouse SSTRs.
Effect of SSTR2 agonist and antagonist on NHE8 expression in Caco-2 cells. SSTR2 has been shown to be involved in stimulating butyrate uptake in Caco-2 cells (23) . To test whether SSTR2 participates in somatostatin-mediated NHE8 activation, selective SSTR2 agonist (seglitide) and antagonist (CYN154806) were used. Like somatostatin, seglitide increased NHE8 expression from 0.424 Ϯ 0.019 in control cells to 0.713 Ϯ 0.32 in 1 M seglitide-treated cells or 0.608 Ϯ 0.033 in 0.1 M seglitide-treated cells (Fig. 6A ). This increase was completely abolished by CYN154806 (Fig. 6B) . Moreover, somatostatin-induced NHE8 expression was also abolished by CYN154806 (Fig. 6C) .
Role of p38 MAPK in SST-induced NHE8 expression in Caco-2 cells. Somatostatin has been shown to activate PKC and MAPK signal transduction pathways through interacting with its receptors. In this experiment, we wanted to test whether PKC and/or MAPK participate in somatostatin-mediated NHE8 expression stimulation in Caco-2 cells. As shown in Fig. 7, SB202190 , a p38 MAPK-specific inhibitor, blocked somatostatin-stimulated NHE8 expression in Caco-2 cells, nei- ther the PKC inhibitor (H7) nor the MEK inhibitor (PD98059) blocked this stimulation. Therefore, p38 MAPK is necessary for somatostatin-mediated NHE8 stimulation. To study if p38MAPK activation was a pathway downstream of SSTR2 signaling, Western blot was used to compare p38 phosphorylation in Caco-2 cells in the absence or presence of SSTR2 agonist and antagonist. As shown in Fig. 8 , somatostatin induced p38 MAPK phosphorylation in Caco-2 cells, and CYN154806 inhibited the effect of somatostatin on p38 MAPK phosphorylation (Fig. 8A) . Similarly, seglitide also induced p38MAPK phosphorylation, and this effect was abolished by CYN154806 (Fig. 8B) .
DISCUSSION
The intestinal epithelium is important for ion transport and barrier functions (2) . Transepithelial movement of a solute across the entire epithelium is either absorptive or secretory. Disruption of absorption or secretion function results in diarrheal illness. In fact, reduced NHE function has been observed in diarrheal diseases (11, 22, 30) .
Somatostatin is widely distributed in the central nervous system, gastrointestinal tract, and endocrine cells. It modulates many physiological processes, such as pro-absorption, antisecretion, anti-proliferation, immunological modulation, neuronal excitability, and vascular smooth muscle contractility (4 -6, 10, 28). In the intestine, somatostatin is known to affect intestinal motility, to reduce secretion, and to stimulate water and sodium absorption (1, 27, 29) . Octreotide, a somatostatin analog, is often used to treat diarrheal disorders such as short bowel syndrome and dumping syndrome (1, 26) . Although studies showed that somatostatin could stimulate net sodium and chloride absorption (21) , it was unclear if this stimulation is due to somatostatin action on apically expressed NHEs in the intestine.
In our presented studies, we used the mouse as the in vivo model to study the effect of octreotide on intestinal NHE expression. In our preliminary study, we found out that NHE8 expression is higher in female mice than in male mice and that male mice barely responsed to somatostatin treatment. Therefore, we chose female mice for somatostatin study. Our study demonstrated that octreotide stimulated NHE8 but not NHE3 expression in the mouse intestine. Octreotide increased the intestinal NHE8 protein expression by ϳ1.6-fold when compared with control mice, whereas NHE8 mRNA expression remained no change (data not shown). This observation suggested that somatostatin specifically stimulated NHE8 expression in the intestine, and this stimulation likely occurred at the protein level by increasing protein translation and/or increasing protein stability.
To study the mechanisms of somatostatin-mediated NHE8 activation, we chose a human intestinal cell line Caco-2 as the in vitro model. In Caco-2 cells, somatostatin stimulated NHE8 expression in a concentration-and time-dependent manner. Low concentration of somatostatin (0.1 M) or short time exposure to somatostatin (1 h) was sufficient to stimulate NHE8 expression in Caco-2 cells. The stimulation on NHE8 protein expression occurred at all levels from total protein, crude membrane protein, to cell surface protein extracts. This observation suggested that somatostatin enhanced NHE8 expression by increasing NHE8 protein abundance through increasing protein synthesis and/or increasing protein stability.
Since somatostatin increased surface NHE8 protein abundance, we would expect that somatostatin would increase NHE8 functional activity in Caco-2 cells. To study the activity of NHE8 in Caco-2 cells, we needed to know how many NHE isforms were expressed in these undifferentiated cells.By using NHE-specific inhibitors HOE694 and S3226, we were able to identify functional NHE exchanger in Caco-2 cells. Low concentration of S3226 has been shown to inhibit NHE3 function and NHE8 function but not NHE2 function. Low concentration of HOE694 had no effect on NHE3 activity but it inhibited NHE2 and NHE8 (31) . In our study, the pH i recovery after acid load was completely blocked by 80 M S3226, indicating no functional NHE2 was expressed in Caco-2 cells. In the presence of 50 M HOE694, Caco-2 cells failed to recover from acid load, suggesting that the functional NHE3 was absent. In the presence of 1 M HOE694, a concentration inhibiting NHE1 activity, Caco-2 cells retained ϳ60% of NHE activity, indicating there was functional NHE8 expression. These observations suggested that only NHE1 and NHE8 were functional NHEs in these undifferentiated Caco-2 cells. When Caco-2 cells were exposed to somatostatin for 30 min, the 1 M HOE694 insensitive pH i recovery rate was increased by ϳ80% compared with control cells, indicating that NHE8 activity could be stimulated by somatostatin.
Somatostatin induces biological responses by interacting with somatostatin receptors (SSTRs) expressed on the cell membrane. Previous studies showed that multiple SSTRs (SSTR1ϳSSTR5) are heterogeneously distributed in a variety of tissues (19) . In the present study, we identified four SSRTs that are expressed in mouse intestine and Caco-2 cells: SSTR1, SSTR2, SSTR4, and SSTR5 were expressed in mouse intestine, and SSTR1, SSTR2, SSTR3, and SSTR5 were expressed in Caco-2 cells. Since studies showed that SSTR2 is involved in somatostain-mediated butyrate absorption and SSTR2 activation stimulated p38 MAPK phosphorylation in Caco-2 cells (12, 23, 25) , we wanted to explore if SSRT2 signaling participate in somatostatin-induced NHE8 stimulation using the SSTR2-specific agonist seglitide and the SSTR2 specific antagonist CYN154806. Seglitide increased NHE8 expression in the similar pattern observed with somatostatin, and CYN154806 abolished the stimulatory effect of somatostatin and seglitide on NHE8 expression. These findings strongly supported that somatostatin directly stimulated NHE8 expression via interacting with SSTR2 in the intestinal epithelial cells. To address the molecular mechanisms of somatostain-mediated NHE8 activation, signal transduction pathway studies were carried out in Caco-2 cells. H7, a potent protein kinase inhibitor, failed to block the effect of somatostatin on NHE8 expression, suggesting that protein kinase pathways were not involved. PD058052, a specific ERK inhibitor, also failed to block somatostatinstimulated NHE8 expression, suggesting that ERK pathway was not involved. However, SB026038, a p38 MAPK-specific inhibitor, completely abolished the effect of somatostatin on NHE8 expression in Caco-2 cells, indicating the involvement of p38 MAPK pathway in somatostatin-mediated NHE8 stimulation. Further studies also showed that seglitide could increase NHE8 expression and p38 phosphorylation in Caco-2 cells, and CYN154806 abolished both somatostatin-and seglitide-induced NHE8 expression and p38 phosphorylation. Taken together, these results suggested that SSTR2-p38MAPK phosphorylation was activated in somatostatin-mediated NHE8 stimulation.
In summary, we have shown that octreotide stimulated the intestinal NHE8 expression and that somatostatin stimulated NHE8 function in Caco-2 cells. We also identified that SSTR2-p38 MAPK activation was a key signal transduction pathway involved in somatostatin-mediated NHE8 upregulation in Caco-2 cells. Our studies uncovered for the first time the mechanisms of somatostatin as an anti-diarrheal agent by enhancing intestinal solute absorption through its effect on NHE8 expression.
